A three-dimensional bit-by-bit optical memory system in quantum-dot and azo-dye doped polymers is demonstrated in this paper. It is shown that two-photon absorption can be used to excite resonance energy transfer from luminescent CdS quantum dots to azo-dye molecules. As a result, the isomerization of azo-dye molecules leads to a pronounced refractive index change. This two-photon-excited energy transfer process in the quantum-dot and azo-dye polymer not only allows for high efficient multilayer information recording into the volume of thick samples but also offers a refractive index window for readout. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2857497͔
͑Ref. 3͒ has been widely applied in a variety of materials for 3D optical data storage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In particular, the use of photochromic materials has attracted intensive interest owning to the capability of picosecond response and rewritability. [3] [4] [5] [6] [7] Similarly, quantum dots ͑QDs͒ have been incorporated into photochromic system as fluorescence resonance energy transfer ͑FRET͒ donors 11, 12 under single photon excitation due to their amazing optical properties such as the sizedependent broad tunability of absorption and emission bands. 13, 14 However, the FRET process has only been demonstrated in a solution rather than in a polymer and no 2P induced 3D optical data storage in QD dispersed photochromic polymer materials has been demonstrated yet.
Among the reported several classes of photochromic dye molecules, azo dye is the most promising candidate. Under 2P excitation, its optical axis can be reorientated to the perpendicular direction of the recording beam through the transcis-trans isomerization to introduce a change in refractive index. 15 The fact that information can be recorded as a change in refractive index can be used as a method to avoid destructive readout, which is common in fluorescence readout. 16 However, the low 2P absorption cross section of azo dye has made this process less attractive in practice. In this paper, we report on a 3D optical memory based on the 2P-excited energy transfer process from QDs to azo-dye molecules. With 2P absorption cross section of two orders of magnitude higher than that of azo dye, 17 QD doped polymer allows for high efficient information recording in the volume of thick samples as a change in refractive index. In that sense, 2P excitation is superior to single photon excitation.
Azo-dye Disperse Red 1 ͑DR1͒ ͑Sigma Aldrich͒ was used and three CdS QDs of different size and spectra properties were prepared following a well established recipe 18 by varying the amount of nucleation acid. Figure 1͑a͒ shows the absorption spectra of the "as-prepared" QDs in chloroform solution labeled as CdS 366, CdS 433, and CdS 441, respectively. Their relative fluorescence intensity spectra as well as the absorption spectra of DR1 molecules are shown in Fig.  1͑b͒ . Their fluorescence quantum yields were measured using 9,10-diphenylanthracene as standard with known ⌽ f = 0.95 shown in Fig. 1͑c͒ . 2P aborption cross section was measured to be 1.2ϫ 10 −47 cm 4 s photon −1 for CdS 433. 19 As a prediction of their energy transfer performance, Fig. 1͑c͒ lists the theoretical calculation of the Förster distance R 0 using the Förster formula. 20 With the largest Förster distance, the best FRET performance is expected in CdS 433 doped polymers. The bandgap emission of CdS 366 is completely quenched by the defect emission ͓see the lowest FRET efficiency is expected in CdS 366 doped polymers.
To characterize the 2P-induced energy transfer behavior in the polymer matrix, the dynamic evolution of the absorbance change of DR1 was monitored. Multi-spincoated thin films of 5 m in thickness were prepared using the formulation consisting of poly͑vinyl carbazole͒ ͑PVK͒, ethyl carbazole ͑ECZ͒, DR1, and QDs at a concentration ratio of 54 mg: 16 mg: 10 mg: 0.15 nmol. The average distance between adjacent QDs is calculated approximately 120 nm and between adjacent DR1 molecules is 2 nm assuming that the polymer mixture has a density close to 1 g / ml. A Ti:sapphire ultrashort pulsed laser beam of pulse width 100 fs ͑Spectra-Physics Tsunami͒ at a wavelength of 720 nm was focused by an objective of numerical aperture ͑NA͒ 0.4 onto the films. All the samples were placed on a defocused plane with a pump diameter spot of 4 m. A bandpass filter ͑53900, Newport͒ with a central wavelength of 560 nm and a full width at half maximum of 10 nm placed in front of a linearly polarized white light source was employed as a probe beam. The probe beam was attenuated to 0.2 nW before the back aperture of the objective to avoid sample depletion. The transmitted probe beam intensity was monitored by a charge coupled device ͑PIXIS 100, ACTON͒. Figure 2 shows the typical time evolution of the normalized absorbance change of DR1 molecules upon linearly polarized 2P excitation induced isomerization at the intensity of 10 GW/ cm 2 . The decrease of absorption in both parallel and perpendicular directions is caused by the consumption of trans-DR1 molecules in the isomerization process involving both orientation and permanent photobleaching. 21 There was no noticeable recover in the room condition after turning off irradiation beams. As shown in Figs. 2͑a͒ and 2͑b͒, there is no isomerization enhancement of DR1 molecules at the attendance of CdS 366 as the absorbance decreases approximately the same level as DR1 itself in both polarization directions. However, in the presence of CdS 433 and CdS 441, the absorbance of DR1 molecules in the parallel and perpendicular directions both decreases more than that of sample without QD doping. A remarkable enhancement of global absorbance, decreased by approximately 10% and 20%, respectively, in the CdS 441 and CdS 433 dispersed samples, is observed. The physical explanation is that under 2P excitation, the influx photon energy is efficiently absorbed by CdS QDs serving as energy donors and DR1 molecules in the proximity of Förster distance serving as acceptors are excited from energy transfer, which therefore facilitates the depletion of trans-DR1 molecules.
As a consequence of energy-transfer-driven isomerization, a change in refractive index was substantiated by the differential interference contrast ͑DIC͒ microscope ͑Olym-pus BX50͒ readout. The samples of 20 m in thickness were prepared for optical recording. An objective of NA 0.7 was employed to focus the infrared irradiation beam onto the sample. In the focus volume of the objective, there were over 400 QDs. 22 The femtosecond laser was operated in a continuous-wave ͑cw͒ mode for readout. Figure 3͑a͒ shows the DIC readout images of the bits recorded under 2P excitation, where each image comprises a pattern of 3 ϫ 3 bits. To prevent any interference between adjacent bits, the bit spacing was kept at 10 m. The exposure time was fixed at 25 ms for each bit. Figure 3͑b͒ shows the readout contrast as a function of the recording power. Without any QD doping, the photoinduced refractive index change is approximately 0.005. 23 In the presence of QDs, there is an increase in the readout contrast indicating a larger refractive index change owing to the contribution of energy transfer. In particular, the optimized energy transfer process in the CdS 433 doped sample leads to a contrast enhancement of approximately 30%, corresponding to an estimated refractive-index change of 0.007. This result is consistent with the theoretical calculation in Fig. 1͑c͒ .
In order to demonstrate its feasibility in 3D optical recording, polystyrene ͑PS͒ was used to replace the PVK:ECZ system because of its higher rigidity. As a result, DR1 was modified into 2-͕ethyl-͓4-͑4-nitro-phenylazo͒-phenyl͔-amino͖-ethyl ester ͑DR1-EH͒ to make it more soluble and less crystalline in the PS matrix. A similar 2P-induced isomerization and recording performance was observed in a CdS 433 and DR1-EH doped PS samples, with a Figs. 4͑c͒-4͑e͒ , we demonstrated the ability to record information in multiple layers in the CdS 433 and DR1-EH doped PS samples and readouts distinctly. Each layer contains a letter consisting of a pattern of 24ϫ 24 bits with a bit spacing of 2.6 m. Letters I, E, and C were recorded in the first, second, and third layers, respectively, with a layer spacing of 30 m.
In conclusion, we have demonstrated 2P-excited energy transfer enhanced 3D optical memory in QDs and azo-dye dispersed photochromic polymer materials. Three letters were efficiently recorded inside a thick polymer samples as a change in refractive index through the isomerisation process of azo dye induced by energy transfer from QDs under 2P excitation. This 2P-excited energy transfer process can also be applied in other controllable functionalized photonic devices beyond optical data storage.
